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INTRODUCTION
The ability to conceptualize, prototype and evaluate solutions is fundamental to undertaking credible engineering design, including the design of medical devices. Within a capstone design course, we emphasized development and testing of prototypes for problem-solving by developing an activity based on removing a foreign object from a child's ear canal. While this challenge was not directly related to any given team's specific design projects, it incorporated the theme of biomedical engineering and medical device design into a miniature challenge that could be tackled during a 3-hour period.
The Biomedical Engineering Minor Capstone Design course offered at the University of Toronto is unique because engineering and non-engineering students collaborate over two semesters on a design project. These multidisciplinary teams have a great advantage because students in Life Science programs (e.g., molecular genetics or neuroscience) bring substantial knowledge of human health to their teams, while the engineering students generally bring more experience with engineering fundamentals and design, including idea generation and prototype development. We therefore created an activity to provide a common foundation for all students that encouraged brainstorming and prototyping during the build phase of the capstone design course
The purpose of this activity was to introduce a diverse class of students to brainstorming and prototyping in a fun and engaging way. The intended outcomes were to: 1) apply brainstorming techniques, 2) recognize important steps in medical device design processes, 3) produce a working prototype, 4) evaluate alternative designs, and 5) verify a preferred solution. Students were instructed to identify key requirements (i.e., do not puncture the ear drum) before using different brainstorming techniques to develop concepts and build prototypes. In order to develop and test the prototypes, model ear canals were provided to give realistic physical constraints to the problem. Each team progressed from a larger, low-fidelity, mock canal to a smaller, high-fidelity, 3D-printed ear canal. The level of difficulty in removing objects was adjusted by placing different shapes and materials in the ear canal models to test the extent to which prototypes met the requirements identified by each team. This paper describes the core lectures and studio elements involved with our brainstorming and prototyping challenge, as well as how student perceptions of their understanding of brainstorming, prototyping and testing evolved throughout this activity.
BACKGROUND
A major design experience in the final year of undergraduate engineering studies that uses knowledge and skills from earlier course work and incorporates realistic constraints, defines a "capstone" design project course [1, 2] . In general terms, this type of course should complete the connection of project-or problem-based learning activities [3] from the first year (cornerstone), through other design activities in intermediate years, to final year (capstone) [4] . The intended outcome of this curriculum is that students will be able to identify basic CEEA17; Paper 063 University of Toronto; June 4 -7, 2017 -2 of 6 -
needs, analyze open-ended problems, propose solutions to problems, and evaluate their designs based on realistic testing [5, 6] . In this course, the design cycle is presented as a straightforward, iterative process composed of: think, build, and test phases [7] . Each of these phases is expanded to highlight a total of six specific actions. The "think" phase is expanded to: 1) defining the problem with research, interviews, and observations and 2) collecting information to synthesize the function, attributes, and requirements/specifications that can be used to assess whether a solution meets a user's needs. The "build" phase is expanded to: 3) imagine what potential solutions could be and then choose the most promising of these solutions to 4) develop into a plan, prototype, or product. The "test" phase is expanded to: 5) measure a response from a proofof-concept, benchtop, animal, human, or other experiment and 6) improve the design as a result of studying the results and implementing changes.
Ideation often starts with inspiration and imagining what kind of form or structure a solution might have. Realizing that a large volume of ideas are necessary to produce a single good idea, brainstorming [8] is a process that helps to spark the development of new ideas and creates innovation by connect existing ideas. While many methods of brainstorming exist, four techniques were emphasized in this team-based challenge. Specifically:  The 6-3-5 method [9] was modified for a group of four but still involved each student writing down three ideas on a worksheet for five minutes and then passing the worksheet to the next team member so that after 20 minutes there were 48 ideas generated.  The theme of biological inspiration was used to trigger unstructured brainstorming by using the website www.asknature.org [10] , where ideas inspired by nature are linked to engineering designs or principles. An example of biologically-inspired design would be the how timber beetle larvae inspired the chain saw [11] .  Mind mapping [12] was used as a framework to structure brainstorming in different areas and identify unexplored gaps. For example, a mind map could be created based on engineering disciplines and ideas related to mechanical or electrical engineering would be explored and a gap of chemical engineering ideas could be identified.  Finally, the question "How might we …?" [13, 14] was asked to stimulate brainstorming. This approach emphasizes practical ideas that focused on how a solution would be solved. For example: How might we create suction to remove hard objects from an ear canal? Throughout the design process, prototypes are useful tools to communicate ideas, test working solutions, and identify opportunities for iteration [15, 16] . To encourage active learning, some engineering design courses embed short-duration design challenges, such as in the form of a bootcamp [17] or an introductory exercise for teambuilding at the graduate-level [18] . A separate first-year engineering design course introduces students to prototyping and testing through a tutorial where they develop interventions to improve the handwriting experience for individuals with arthritis, and then evaluate the performance of their interventions with respect to comfort, speed and legibility metrics [19] .
METHODS
The core elements of our approach to teaching brainstorming and prototyping included an introductory lecture on ideation, followed by a 3-hour tutorial in which our prototyping challenge took place. Students were also surveyed before and after the activity to evaluate their perception of their abilities in and the utility of brainstorming and prototyping. The lecture took place in a traditional theater environment, while the prototyping challenge activity used the design studio facilities available to undergraduate students enrolled in the biomedical engineering capstone design course.
Core lecture content
The introductory lecture focused on the actions that each team could use to imagine ideas for solutions to their overall design projects. After a range of brainstorming techniques were presented, students completed an activity in class that focused on practicing one specific technique. The goal of this activity was to incorporate a jigsaw-style [20] cooperative learning activity. The whole class was exposed to four brainstorming techniques: 1) 6-3-5 method [9] 2) biological inspiration [10] 3) mind mapping [12] 4) "How might we …?" [13, 14] Each technique was assigned to a single team and each team would practice their assigned technique to solve the problem of how to remove a foreign object from an ear canal. This activity was conducted for approximately 20 minutes, followed by a short debrief in which each team discussed their perception of the helpfulness of their assigned brainstorming method for advancing design. An extensive final debrief was also presented at the completion of the prototyping challenge. Therefore, this activity served two purposes: 1) to give students a head start on the brainstorming process before the prototyping challenge occurred in the laboratory period, and 2) to complete the jigsaw activity by sharing with the other teams how well a particular brainstorming method worked in terms of generating good ideas that could be easily prototyped.
After the brainstorming activity was completed in class, each student completed a pre prototyping challenge survey. Students rated their knowledge of each brainstorming CEEA17; Paper 063 University of Toronto; June 4 -7, 2017 -3 of 6 -technique on a scale between unacceptable to excellent (i.e., unacceptable; very poor; poor; satisfactory; good; very good; excellent) and they also ranked, from best to worst, how they felt that each technique would yield results in the (yet to be completed) prototyping challenge. After the prototyping challenge was completed in the design studio, the same survey was given to each student. The only difference was that they now ranked, from best to worst, how they felt that each technique yielded results in the prototyping challenge they just completed. The survey questions are shown in Appendix A.
Design of prototype challenge
At the beginning of the prototyping challenge, a brief overview of the challenge was presented and each team was reminded of which brainstorming technique they were to use during the first 30 minutes of the studio session. Each team was first presented with a low fidelity ear canal model based on an instruction set found on the teachengineering.org website [21] . The model had 1-inch long, 1/2-inch diameter PVC tubing to mimic the ear canal and a membrane on the distal end to represent the ear drum (see Fig. 1 ). The challenge for each team was to remove objects of various sizes (e.g., gel beads, silicone putty ear plugs, miniature shells, fuzzy pompoms, etc.) without puncturing the ear drum. Each team was given access to a selection of hand tools (e.g., Dremel® tools, wire cutters, scissors, glue guns, tape, etc.) and an assortment of easyto-use construction materials (e.g., wire, springs, balsa wood, wood craft sticks, floral foam, straws, etc.) to create prototypes that could remove the objects used as mockforeign object.
Once students found a way to remove the foreign objects on the low fidelity scale, they had to move to the smaller scale, 3D printed model, which constrained the size of the ear canal to ~ 5 mm in diameter (see Fig. 1 ). After approximately two hours each team had moved from brainstorming to realizing their ideas with quick, easy-toconstruct prototypes. A final showcase of the prototypes created by each team was linked to a class-wide debrief of how the brainstorming technique influence the devices they created. The goal was to complete the jigsaw cooperative learning exercise by sharing the knowledge gained by each team about a specific brainstorming technique they put into practice.
RESULTS AND DISCUSSION
Descriptive statistics of student perceptions of their understanding of each brainstorming technique before and after the activity are presented in Fig. 2 . Only 16 students were enrolled in this course and only 12 participated in both the pre-and post-challenge survey. Given the small sample size of participating students, statistical analyses were not attempted at this preliminary stage. Student perceptions of their knowledge of each brainstorming technique (i.e., modified 6-3-5, mind mapping, "How might we …?", and biological inspiration) after lecture but before the prototyping activity were consistently between the good and very good levels. After completing the prototyping challenge, the biological inspiration technique received the greatest subjective increase in perceived knowledge (approaching the level of very good). In this case 5 students rated that their knowledge increased and only one student rated a decrease. On the other end of the spectrum, the "How might we …?" technique had no change in knowledge after the prototyping challenge, as only one student rated an increase but three rated a decrease in knowledge. The other techniques received negligible increases, with a few Given that students only engaged in one brainstorming method during the prototype challenge, their increased perception of knowledge of other methods after the challenge suggests that having each team share their results after the prototype challenge may have contributed to increasing the knowledge of others. These relatively minor increases may stem from the passive sharing of knowledge after the completion of the prototyping challenge. While this overarching activity promoted interaction within and between teams, it would be expected that modifications to the challenge, that incorporated positive interdependence and individual accountability, would further increase the knowledge of students regarding each brainstorming technique after the completion of the prototyping challenge. Table 1 . Ranking of methods that each student felt would yield (before) and did yield (after) the prototyping activity. Brainstorming techniques ranked best are listed on the top and worst are listed on the bottom.
Before
After Mind map Modified 6-3-5 Modified 6-3-5
Mind map "How might we …?" Biological inspiration Biological inspiration "How might we …?"
The collected results of asking students to rank the brainstorming methods they felt would yield the best results, before participating in the prototyping exercise and the rank they felt yielded the best results, after participating in the prototyping exercise are shown in Table 1 .
The questionnaire given to students after completion of the prototyping challenge asked students if they thought that the activity was more effective at delivering information compared to a normal lecture format. Out of 11 responses: 3 strongly agreed, 5 agreed, 2 were neutral, and 1 disagreed. A representative comment from a student who strongly agreed and was:
"It was a really applied way of learning … and it gives us an idea of the prototyping process before we actually start."
A representative comment from a student who agreed was:
"The diversity of brainstorming techniques was very informative."
Limitations
Some students felt that the challenge did not relate to their individual projects, which was reflected in the following comment:
"It would be more helpful if the topic was geared to our own project rather than the ear canal problem."
Other students, who disagreed or who were neutral on whether the activity was better than a normal lecture format, did not make the connection between this activity and the broader use of prototyping in the ideation process. 
CONCLUSIONS AND FUTURE WORK
Idea generation and prototype development are critical elements of engineering design processes -generally, and specific to the context of medical device design. We developed and led an activity that aimed to teach both skills in a fun and engaging way. Survey data indicate that this activity made students more comfortable in the brainstorming technique they used and learned from the experiences of other teams. Both the data and results of student feedback suggest that the sharing of knowledge between teams increased individual knowledge and the majority of students prefer the experiential activity to a normal lecture format. Students also indicated that they liked the teamwork and "hands on" aspects of the activity and felt that practicing the creation of low-fidelity prototypes in the beginning of the ideation process was beneficial.
Future work
Keeping with the theme of biomedical devices, the main task of removing a foreign object from an ear canal will continue to be used in the capstone design course and improved by offering more prototyping materials and realistic ear canal analogues. One way to increase the realism of the ear canal would be to use a realistic training simulator for otoscopy; for example, the OtoSim TM system [22] . The possibility of extending the prototype challenge over multiple lectures to allow for 3D printed designs to be created and tested will also be considered for future challenges.
We will further aim to help students to understand the relationship between the brainstorming techniques discussed in the introductory lecture, the prototyping activity, and the relevance of these activities to the larger picture of engineering design in a medical device context. Key themes that will be communicated include discussing iteration as central to credible engineering design, and reinforcing that early-stage prototyping and testing is central to this iterative process.
Finally, the next iteration of this prototyping challenge will assign each member of the capstone design project 2) In regards to the prototyping challenge activity, can you list at least 2 things that you like and 2 things you didn't like? In which way do you think the activity could be improved?
3) Do you have any other comments?
